Experimental delayed cerebral vasospasm was produced in canine basilar arteries by 2 successive injections, 2 days apart, of fresh autogenous arterial blood into the dsterna magna. When angiographic evidence of delayed vasospasm was confirmed 7 days after the initial intracisternal blood injection, a selective inhibitor of 5-lipoxygenase, 2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-1,4-benzoquinone (AA-861), was infused intravenously at 6.5 x 10~4 mg/kg/min for 2 hours. However, angiographic evidence of delayed vasospasm was not reversed, and mean regional cerebral blood flow was not significantly increased. In other studies, oral doses of AA-861 at 100 mg/kg/day were given twice a day for 7 days after the initial intracisternal blood injection. In the treated group, angiographic evidence of delayed vasospasm was significantly reduced, and the contractile property of excised basilar arteries in response to vasoconstrictor agents was significantly improved. It is suggested that leukotrienes, 5-lipoxygenase products of arachidonic acid, might be important etiologic factors responsible for the development of delayed vasospasm and that AA-861 would have a therapeutic effect not on the reduction of delayed vasospasm once developed but on the prevention of the development of delayed vasospasm. (Stroke 1987;18:512-518)
K CENTLY, the vascular tissues including the cerebral arteries have been shown to produce leukotrienes C 4 ( L T Q , D 4 (LTD 4 ), and E 4 (LTEJ, 1 "* 5-lipoxygenase products of arachidonic acid, in addition to cyclooxygenase products of arachidonic acid. 7 " 12 Since LTQ, and LTD 4 constrict the cerebral arteries in vivo and in vitro, 13 -14 the lipoxygenase products of arachidonic acid might play an important homeostatic role in the cerebrovascular system, either alone or in conjunction with other vasoactive substances, as a physiologic antagonist of vasodilators such as prostacyclin. In delayed cerebral vasospasm the formation of prostacyclin in the canine cerebral arteries was significantly reduced, 10 " 12 and leukocytes, mast cells, and macrophages, all of which generate leukotrienes, 15 " 22 were found to infiltrate the wall of cerebral arteries after subarachnoid hemorrhage. 23 " 23 In addition, the synthesis of leukotrienes in gerbil brains was increased following subarachnoid hemorrhage as well as ischemia and reperfusion. 326 Consequently, the administration of a selective inhibitor of 5-lipoxygenase, 2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-l,4-benzoquinone (AA-861) 27 " 29 might be effective for maintaining normal homeostasis in the cerebrovascular system after subarachnoid hemorrhage by inhibiting leukotriene production.
Materials and Methods

Production of Delayed Cerebral Vasospasm
Adult mongrel dogs, 8 to 16 kg in weight, were sedated with i.m. ketamine hydrochloride (10 mg/kg) and then i.v. pentobarbital sodium (15 mg/kg). Experimental delayed cerebral vasospasm was produced by 2 successive injections, 2 days apart, each of 4 ml of fresh autogenous arterial blood into the cisterna magna, as reported by Varsos et al. 30 Transfemoral vertebral angiography was carried out before and 7 days after the initial intracisternal blood injection. The diameter of the middle third of the basilar artery at its narrowest point was measured on the angiograms with the use of a microdensitometer and expressed as a percent of the control diameter of that arterial segment before the initial blood injection.
Treatment with AA-861
INTRAVENOUS INFUSION OF AA-86I IN SPASTIC ANI-MALS. AA-861 was dissolved in dimethyl sulfoxide (DMSO) and then in physiological saline. The final concentration of DMSO was 2% (v/v). After angiographic evidence of delayed vasospasm (a reduction to <70% of the control caliber of the basilar artery) was confirmed 7 days after the initial intracistemal blood injection, AA-861 solution was infused i.v. at 6.5 x 10~* mg/kg/min for 2 hours with an infusion-withdrawal pump (Harvard Apparatus Co., Inc., Millis, Mass.). Regional cerebral blood flow (rCBF), mean arterial blood pressure (MABP), pulse rate (PR), and caliber of the basilar artery were measured during the i.v. infusion of AA-861. uric acid, serum glutamic-oxaloacetic transarainase, serum glutamic-pyruvic transaminase, prothrombin time, partial thromboplastin time, and fibrinogen. AA-861 was kindly supplied by Takeda Chemical Industries, Ltd., Osaka, Japan.
Measurement of rCBF
The animals were anesthetized in a manner similar to that in the production of delayed cerebral vasospasm and ventilated with a mixture of 30% oxygen and 70% nitrous oxide. Muscle relaxation was assured with an i.v. half-hourly injection of pancuronium bromide (0.08 mg/kg). Body temperature was kept close to 37°C with a heating blanket, and arterial blood pressure was continuously monitored in the femoral artery with a Statham P23Db strain gauge transducer (Statham Laboratories, Inc., Hato Rey, Puerto Rico). Arterial CO 2 tension was measured with a Corning 165 pH/blood gas monitor (Coming Glass Works, Corning, N. Y.) and kept at 34.2 ± 2.5 mm Hg throughout the experiment by adjusting the respiratory pump or by adding CO 2 to the inspired gas.
UHE-100 platinum electrodes (Unique Medical Co., Ltd., Tokyo, Japan), 0.3 mm in diameter, were inserted through occipital drill holes into the gyrus lateralis to a depth of 2.5 mm on either side, and then the drill holes were filled with 2% Bacto-Agar (Difco Laboratories, Inc., Detroit, Mich.). The electrodes were connected to a PHG-201 UH-meter (Unique Medical Co., Ltd., Tokyo, Japan), and rCBF was measured by the hydrogen clearance method, as reported previously. 31 To permit polarization and stabilization of the electrodes, the first measurement of rCBF was not made until 45 minutes after the initial electrode placement. MABP, PR, arterial blood gases, and pH were examined during each measurement of rCBF. The DMSO solution used for dissolution of AA-861 did not induce any changes in rCBF, MABP, PR, and caliber of the basilar artery.
In Vitro Response of the Basilar Artery to Vasoconstrictor Agents
The brain was removed quickly after rapid exsanguination and placed immediately in a dissection dish filled with modified Krebs solution. With the aid of magnification, the basilar artery was excised and carefully cleaned of blood clots and connective tissue in case of subarachnoid hemorrhage. A 4-mm segment of basilar artery was mounted on rigid parallel prongs in a chamber that was filled with modified Krebs solution aerated with a 95% O 2 and 5% CO 2 gas mixture and maintained at 37° C, and its isometric tension was measured with a Nihon-Koden FD transducer (Nihon-Koden Kogyo Co., Tokyo, Japan). The arterial segment was allowed to stabilize at a resting tension of 200-500 mg for 1 hour and then was increased to a resting tension of 3 g before the start of the experiment. Drugs used as vasoconstrictor agents were depolarizing solution, 2.5 x 10" 3 M BaCl 2 , 10" 3 M prostaglandin F^ (PGF^), and 10~4 M 5-hydroxytryptamine (5-HT). A 20-minute equilibration period was allowed after a complete relaxation from the previous response before the next agonist was added. The depolarizing solution used was composed of 76 mM K 2 SQ,, 10 mM KC1, 16 mM KHCO 3> 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 1.2 mM KHjPO,, and 5.6 mM dextrose.
Statistical Analysis
Since values of rCBF, MABP, PR, and caliber of the basilar artery were variable from animal to animal in delayed cerebral vasospasm, their true responsiveness to the i.v. AA-861 treatment is probably best expressed by their mean difference. Consequently, the mean values of rCBF, MABP, PR, and caliber of the basilar artery, as well as the mean differences of rCBF (ArCBF), MABP (AMABP), PR (APR), and caliber of the basilar artery (AC) were analyzed by two-tailed t test for uncorrelated and correlated pairs, respectively. Two-tailed t test for uncorrelated pairs was used for statistical analysis of the in vitro response of spastic basilar arteries to vasoconstrictor agents.
Histologic Study of Spastic Basilar Arteries
After a significant narrowing of basilar arteries was confirmed on the angiograms 3 and 7 days after the initial intracistemal blood injection, 2 untreated animals were killed each day by perfusion with 100 ml of Tyrode's solution and then with fixative for 20 minutes. The fixative used was 1% freshly prepared paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) with 5% sucrose. The intraarterial pressure was monitored continuously during perfusion to ensure that it did not exceed the animal's systolic pressure, and the fixative was allowed to escape through the inferior vena cava. The brain was removed together with the basilar artery and the surrounding blood clot and immediately immersed in the same fixative overnight at 4° C. The basilar artery was examined in a large tissue block taken of the pons and medulla oblongata after hematoxylin and eosin stain.
Results
Effect of Intravenous AA-861 on Hemodynamics of Spastic Animals
The mean values of rCBF, MABP, PR, and caliber of the basilar artery in 6 normal and 6 spastic animals before and after the i.v. infusion of AA-861 at 6.5 x 10" 4 mg/kg/min for 2 hours are shown in Table 1 . The mean rCBF in spastic animals was reduced to approximately 57.1 % of that in normal animals, and the mean caliber of spastic basilar arteries was decreased to about 58.0% of the mean control caliber. The mean values of rCBF, MABP, PR, and caliber of the basilar arteries in spastic animals were not significantly changed by the i.v. infusion of AA-861, as shown in Table 1 . A representative vertebral angiogram demonstrated no definite change in the caliber of a spastic basilar artery as shown in Figure 1 . The mean values of ArCBF, AMABP, and AC in spastic animals were also not significantly increased by the i.v. infusion of AA-861, while the mean values of APR were significantly decreased for 1 and 2 hours (p<0.05 andp<0.001), as shown in Table 2 .
Effect of Oral AA-861 on Evolution of Delayed Angiographic Vasospasm
Diffuse angiographic vasospasm was developed in all 19 untreated basilar arteries 7 days after the initial intracisternal blood injection, and the mean caliber of spastic basilar arteries was significantly reduced, measuring 53.3 ± 9.0% of the mean control caliber as shown in Table 3 . The oral administration of 100 mg/kg/day of AA-861 for 7 days after the initial blood injection markedly reduced the severity of angiographic delayed vasospasm, as shown in a representative vertebral angiogram in Figure 2 , and the mean caliber of 11 treated basilar arteries was 75.7 ± 10.4% of the mean control caliber, demonstrating a significant improvement (p<0.001) over the untreated group as exhibited in Table 3 . However, 3 of 11 treated basilar arteries still showed severe delayed vasospasm, and their calibers were 57.3, 60.2, and 66.4% of the control calibers, respectively.
In Vitro Response of the Basilar Artery to Vasoconstrictor Agents
The contractions of excised basilar arteries induced by depolarizing solution, BaCl 2 , PGF^, and 5-HT were examined in normal as well as untreated and treated spastic groups. In the treated group, oral doses of AA-861 at 100 mg/kg/day were given for 7 days after the initial intracisternal blood injection. Nineteen untreated basilar arteries showed a marked depression of contractile responses to all vasoconstrictor agents used, and the mean values of isometric tensions induced by depolarizing solution, BaCl 2 , PGF^, and 5-HT were 22.2, 24.0, 20.7, and 30.8% of those in 10 normal basilar arteries, respectively. The mean contractile response of 11 treated basilar arteries to all vasoconstrictor agents, although smaller than the mean normal response, was significantly improved compared with that of the untreated basilar arteries, and the mean values of isometric tensions induced by depolarizing solution, BaCl 2 , PGFj,,, and 5-HT were 66.7, 60.0, 72.4, and 57.7% of the mean normal responses, respectively.
Histology of Spastic Basilar Arteries
Tissue samples of spastic basilar arteries taken 3 and 7 days after the initial intracisternal blood injection demonstrated similar histologic changes ( Figure 3 ). The tunica adventitia showed a thickening infiltrated particularly in the outermost layer by inflammatory cells in addition to intact erythrocytes. The tunica elastica was corrugated, and the tunicae media and intima showed slight changes at the light microscopy level. FIGURE blood injection (b), and that the resulting delayed vasospasm of the basilar artery is not reversed by i.v. infusion of AA-861 at  6.5 x lQr4 mglkglmin for 2 hours (c) . 0.005 ±0.05 ArCBF, mean difference in regional cerebral blood flow; AMABP, mean difference in mean arterial blood pressure; APR, mean difference in pulse rate; AC, mean difference in caliber of basilar artery; AA-861, 2-( 12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-l,4-benzoquinone; n, number of animals.
Representative angiograms show that a normal basilar artery (a) is severely narrowed 7 days after initial intracisternal
*p < 0.05, tp < 0.001 by two-tailed t test for correlated pairs.
Inflammatory cells were crowded near the subarachnoid small vessels and increased in number in the 7 days' specimen ( Figure 4) , and also were scattered particularly in the periphery of intact erythrocyte conglomerates.
Discussion
Recently, the blood vessels of pigs, dogs, rabbits, guinea pigs, and rats have been shown to synthesize and release leukotrienes, 1 2' 4 '5 and their generation has been potentiated by cyclooxygenase inhibitors. 15 Organ cultures of bovine cerebral arteries were found to exhibit immunoreactive activity of slow-reacting substance of anaphylaxis, 3 and porcine cerebral arteries generated LTD 4 -like substance when incubated with indomethacin and calcium ionophore A23187 for 1 hour. 5 Although 1( T 7 to 10"' M LTC 4 or LTD 4 was reported to fail to contract or relax human cerebral arteries at autopsy, 32 Tagari et al 13 showed that 2 X 10~9 to 2 x 10~7 M LTD 4 constricted human intracranial arteries in vitro and that the injection of6 1 x 10~6to 15 x 10" M/kg LTD 4 into rat carotid arteries induced a constriction of internal and external carotid arteries. In addition, 3 x 1 0 " to 4 x 1 0 ' M leukotriene B 4 (LTB4), LTC 4 , or LTD 4 produced a dose-related constriction of mouse pial arterioles when applied topically in vivo, and when LTC 4 or LTD 4 was infused into the porcine internal carotid arteries at 1, 3, and 9 x 10" 8 M/min, a rapid onset of dose-related reduction in CBF occurred and lasted for up to 25 minutes postinfusion. 5 Since the cyclooxygenase products of arachidonic acid were produced in the cerebral arteries, 7 " 12 the lipoxygenase products of arachidonic acid formed by the cerebral vessels might have a homeostatic role together with the cyclooxygenase products in the cerebrovascular system. Preliminary results of our experiment under way at the present show that leukotrienes are produced in the canine basilar artery, but it is not yet determined whether the production of leukotrienes is changed or not after subarachnoid hemorrhage.
Inflammatory ceils were found in the adventitia of canine basilar arteries and around the subarachnoid small blood vessels 3 and 7 days after the initial blood injection. Similar infiltration of blood elements, particularly leukocytes and mast cells, was reported in the adventitia of canine basilar arteries 4 days after the initial intracisternal blood injection. 2 5 Faleiro et a l found a marked increase in mast cell population in the tunica media of human cerebral arteries after subarachnoid hemorrhage. Hughes and Schianchi2 3 reported the infiltration of inflammatory cells in the adventitia and numerous macrophage-like cells in the tunica media of 12 patients with cerebral vasospasm who died within 3 weeks of subarachnoid hemorrhage. Since leukocytes, mast cells, and macrophages have been shown to produce leukotrienes, 15 " 22 the cerebral arteries infiltrated by those cells after subarachnoid hemorrhage could contract by released leukotrienes. However, since FIGURE 2. Representative angiograms show that a normal basilar artery (a) is slightly narrowed after oral administration of 100 mg/kg/day of AA-861 for 7 days following intracisternal blood injection (b). mast cells have a protective activity in vascular physiology, with local liberation of histamine, heparin, and other substances that help repair areas of local injury," a further study is needed to determine the pathogenetic role of the infiltrating cells after subarachnoid hemorrhage.
In addition, the synthesis of leukotrienes in gerbil brains was increased following subarachnoid hemorrhage. 26 The cortical neurons were important sources of leukotrienes, 34 and the highest amount of LTC 4 was detected in the hypothalamus and median eminence. 34 It is suggested, therefore, that leukotrienes produced by neurons, particularly in the hypothalamus and median eminence, might gain access to the subarachnoid space and be responsible for the development of de-layed vasospasm, as suggested by Wilkins. 35 Thus, leukotrienes could be produced by several sources described above after subarachnoid hemorrhage and become an etiologic factor responsible for delayed cerebral vasospasm.
The biologic and pharmacologic profiles of AA-861 were reported in detail. 27 A23187-induced formation of 5(5)-hydroperoxy-eicosatetraenoic acid and LTB 4 in rat macrophages were 3 x 10" 8 and 8 x 10" 8 M, respectively. In vivo pharmacologic results in guinea pigs showed a 61 % inhibition for IgE-mediated bronchoconstriction by an oral administration of 80 mg/kg AA-861 and a 78% inhibition of IgG,-mediated bronchoconstriction by an oral dose of 20 mg/kg AA-861. The pharmacokinetics of AA-861 after the oral administration was extensively studied. (S. Tanayama, personal communication). The maximum plasma levels of AA-861 after a single oral dose of 10 mg/kg were 2.60 /i.g/ml in dogs and 1.08-1.28 Mg/ml in rats. When oral doses of 10 mg/kg/day AA-861 were given for 7 days in rats, the plasma level of AA-861 measured 24 hours after the final administration was 0.68 ± 0 . 1 3 ^g/ml. Consequently, AA-861 was given i.v. at 6.5 X 10" 4 mg/kg/min for 2 hours or by mouth at 100 mg/kg/day for 7 days in the current study. The current study demonstrated differential effects of AA-861 in delayed cerebral vasospasm, since 2houri.v. infusion of AA-861 at 6.5 x 10"4 mg/kg/min had no effect on angiographic evidence for any reduction in delayed vasospasm, while oral doses at 100 mg/kg/day for 7 days following the initial blood injection resulted in reduction of delayed vasospasm and improvement of the contractile property of excised basilar arteries. The contraction of excised guinea pig ileum induced by LTD 4 showed only slight inhibition by the addition of 10" 3 M AA-861, M and > 1 0 ' 5 M AA-861 was necessary to induce a 50% relaxation of canine basilar arteries contracted in vitro by FIGURE 4 . Many inflammatory cells are seen near a small subarachnoid vessel 7 days after the initial intracisternal blood injection. Hematoxylin and eosin stain; x 150. hemoglobin, or serum (unpublished data). Since the IC y , of AA-861 for inhibition of 5-lipoxygenase was about 8 x 10~7 M, 27 -29 the amount of AA-861 necessary to relax the contraction of basilar arteries was > 2 0 x that to inhibit 5-lipoxygenase. Consequently, the plasma level of AA-861 after a 2-hour i.v. infusion of AA-861 at 6.5 x 10~4 mg/kg/min might not be sufficient to reduce delayed vasospasm, or AA-861 was not substantially effective for any reduction in delayed vasospasm once developed.
Experimental delayed cerebral vasospasm was also reduced by a daily treatment with ibuprofen or highdose methylprednisolone, antiinflammatory agents, after the intracisternal blood injection, and the contractile response of treated basilar arteries to vasoconstrictor agents in vitro was improved. 3 * Leukotrienes are considered to be chemical mediators in inflammatory reactions" and affected by glucocorticoids. 37 Thus, the daily treatment with AA-861 after the initial blood injection might reduce the generation of leukotrienes from several sources described above by inhibiting 5lipoxygenase and preventing the development of delayed vasospasm. In addition, since the production of prostacyclin in the cerebral artery was significantly reduced in delayed vasospasm, 10 " 12 the inhibition of leukotriene production by A A-8 61 would maintain the relatively normal cerebrovascular tone after subarachnoid hemorrhage from a standpoint of arachidonic acid metabolism.
